Introduction
Cancer vaccination is designed to promote antitumor immunity. A substantial amount of preclinical model data supports the central importance of cytotoxic T lymphocytes (CTL) in effective antitumor immunity to promote the lysis of tumor cells. Many cancer vaccines are designed to Abstract A wide variety of tumor antigens have been targeted in cancer immunotherapy studies. Traditionally, the focus has been on commonly overexpressed antigens shared across many patients and/or tumor types. As the field has progressed, the identity of human tumor rejection antigens has broadened. Immunologic monitoring of clinical trials has slowly elucidated candidate biomarkers of immune response and clinical response, and conversely, of immune dysfunction and suppression. We have utilized MART-1/Melan-A in our melanoma studies and observed a high frequency of immune responses and several significant clinical responses in patients vaccinated with this melanosomal protein. Alpha-fetoprotein is a shared, overexpressed tumor antigen and secreted glycoprotein that we have tested in hepatocellular cancer vaccines. Our recent studies have identified immunosuppressive and immuneskewing activities of this antigen. The choice of target antigen and its form can have unexpected effects. (CITIM 2015) , held in Ljubljana, Slovenia, 27th-30th April 2015. It is part of a series of Focussed Research Reviews and meeting report in Cancer Immunology, Immunotherapy.
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activate CTL using many forms of antigens [1] including MHC-restricted peptide epitopes, long peptides, proteins, and cDNAs. The targeted tumor antigens are formulated with adjuvants of many kinds and administered as peptides, proteins, DNA, recombinant viral vectors, and autologous or allogeneic cells. In many trials, the majority of patients are successfully vaccinated, even to non-mutated self-antigens.
Many cancer vaccine clinical trials have shown dramatic tumor regressions in a minority of patients (5-10 %), and some large studies have shown significant trends in improved outcomes for successfully vaccinated patients. However, there have also been many negative studies with minimal immunogenicity and without evidence of therapeutic efficacy. To date, there are no biomarkers of a successful vaccine that can invoke potent antitumor immunity. There are no biomarkers yet for patients who will respond immunologically or clinically, nor for the exact type of CTL immune response (or other type of response) needed to elicit a significant clinical response. The field continues to move forward slowly, testing different vaccine strategies and, more recently, combinations of vaccine elements with other types of therapies (e.g., engineered allogeneic cells and recombinant bacteria) and combinations with newly approved checkpoint blockades, standard of care, etc. [2] .
A number of different types of antigens have been tested in clinical trials [3, 4] . Some are considered "tumorassociated" antigens (TAA) that include non-mutated selfantigens that are differentially expressed by tumors, and "tumor-specific" antigens (TSA) that include mutated and viral antigens. Several examples are shown in Table 1 . Among the first characterized were those recognized by tumor-infiltrating lymphocytes (TIL) in melanoma tumors, including melanoma antigen family A1 (MAGE-A1) and melanoma antigen recognized by T cells (MART-1)/aka Melan-A. Some are more immunogenic and widely tested than others (MART-1, NY-ESO-1), and recent studies indicate that the most potent target antigens may be the patientspecific mutated antigens [4] .
Our group has tested cancer vaccines in both melanoma and hepatocellular cancer (HCC), starting in 1996. In melanoma, we have tested MART-1, and in HCC, we have focused on alpha-fetoprotein (AFP). This series of studies focused on these shared, non-mutated antigens known to be highly upregulated in the majority of the two tumor types examined.
Discussion
Melanoma vaccine background
Melanoma is the deadliest form of skin cancer and has an annual global incidence of 132,000 cases per year. Our melanoma vaccine trials tested dendritic cell (DC)-based vaccines, initially pulsed with a single HLA-A2-restricted MART-1 epitope (MART-1 27-35 AAGIGILTV), and subsequently transduced with a recombinant adenovirus (AdV) encoding the full-length MART-1 cDNA [5] [6] [7] . We wanted to take advantage of the potent immune stimulatory nature of DC to promote melanoma-specific immunity. DC are known to both initiate immunity and shape the quality of the response. DC vaccines, prepared by 3-to 7-day in vitro culture of peripheral blood monocytes in GM-CSF and 
Observations from immune monitoring
Importantly, no measure of MART-1-specific T cell reactivity correlated with clinical outcome including IFNγ ELISPOT, intracellular cytokine staining for IFNγ and IL-4, MHC tetramer frequency or cytotoxicity after in vitro stimulation. These assays did identify vaccinated patients and suggested the dose of DC and route of administration resulting in higher T cell frequencies. Because there are many other well-characterized shared tumor antigens in melanoma, we also tested for spontaneous development of immunity to antigens not delivered in the vaccine, or determinant spreading [8] . This antigen spreading phenomenon was originally characterized in the setting of autoimmunity.
In each of these studies, the patients with the most favorable clinical outcomes exhibited antigenically broader immune responses to include gp100 and tyrosinase-specific CD8 + and CD4 + T cells, in addition to MART-1. We are not the only group to detect this; there were also reports from others who also observed this phenomenon [9, 10] . These data suggest that a potential biomarker of more effective antitumor immunity is a broad CD8 + and CD4 + T cell response to many different tumor antigens. It may also suggest that in vivo cross-presentation and determinant spreading from vaccine-delivered antigens to other antigens expressed by the tumor may be a mechanism to promote immunity to private, patient-specific mutated antigens. Such mutation-specific T cells may be the most effective, clinically relevant antitumor effector cells due to the increased likelihood of harnessing high-avidity T cells which have not undergone negative selection.
Building on the lessons learned
Based on the data suggesting that broader immunity is important and that promotion of in vivo cross-presentation may result in more effective antitumor immunity, we designed a new DC vaccine to activate a more effective polyclonal response with the vaccine. We retained the AdV as the vector providing the tumor antigens (as genes) for several reasons: It allows for efficient gene transfer of the antigen cDNAs into human DC and allows for long-term transgene expression (7-10 days in vitro) [11] [12] [13] . It is not affected by systemic neutralizing anti-AdV antibodies (as shown earlier in a mouse model) [14] and can have positive maturation effects on human DC (promoting a slightly more mature phenotype and altering the cytokine production profile) [15] . When compared head to head, AdV-mediated antigen transfer shows superior T cell activation when compared directly to peptide-pulsed DC [16, 17] . By expressing full-length antigen, AdV-engineered DC activate CD8 + and CD4 + T cells simultaneously [13, 16, 18] and promote chemokine secretion (and subsequent NK cell migration) [19, 20] . It also allows for simultaneous activation of high-frequency type 1-skewed virus-specific memory CD8
+ and CD4 + T cells, regardless of circulating anti-AdV antibody status [21] .
Based on human in vitro preclinical data [17] , we designed the current trial to test a more broadly immunogenic DC vaccine that could promote in vivo cross-presentation and determinant spreading because it is engineered with three full-length, defined, tumor antigens to activate multiple CD8
+ and CD4 + T cell clones (Fig. 1) . We identified a maturation cocktail (LPS + IFNγ) specifically matched to AdV transduction signals that more potently activate T cells in vitro. We also showed that the vaccine could activate innate immunity by secreting chemokines which induce NK cell migration and activation [19, 20] . Lastly, we added an immune boost with one month of systemic high-dose IFNα which has been shown to promote endogenous DC skewing to type 1 function, improved in vivo cross-priming and to have direct positive effects on T cells [22, 23] .
In this ongoing trial, one goal was to observe improved clinical outcomes compared to previous DC vaccines (>7 % complete and partial responses). There are many junctures at which DC vaccines may not be sufficiently potent, including in their ability to activate type 1-skewed effector T cells, activate effector cells that can traffic to and fully infiltrate tumors, activate cells that can resist the suppressive tumor microenvironment, and retain their activity. The other goal was to gain substantial biomarker data about the patients' tumors, their immune responses, and their DC vaccines. By learning about the vaccine biology, responding and non-responding tumors, and the immune responses to multiple tumor antigens (vaccine encoded and AdV vector) and the innate immune response, these data should help to move the vaccine field forward.
Hepatocellular carcinoma (HCC) vaccines
Hepatocellular cancer (HCC) is the second highest cause of global cancer deaths. HCC has increased 62 % in the last 20 years to over 750,000 new cases globally and over 35,000 new US cases every year [24, 25] . In the USA, hepatitis B and C viruses (HBV, HCV) and alcoholic cirrhosis are leading causes, and metabolic syndromes are also increasing HCC. While a minority of patients is eligible for curative surgery or transplantation, many patients will recur.
Immunologically, the liver is a tolerogenic organ [26] with inherently non-stimulatory antigen presentation function. HCC patients also exhibit significant systemic immune suppression. Several recent reports have documented high frequencies of circulating regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSC), as well as defects in natural killer (NK) cell function in HCC patients [27] . A greater understanding of the multiple mechanisms of HCC-mediated immune suppression and immune modulation will lead to new approaches to combat these defects. Both adequate immune function and controlled immune suppression are critical for effective antitumor immunity, including the immunity that can be induced by radiofrequency ablation, surgery, vaccines, and checkpoint blockade.
We have studied the HCC-secreted oncofetal antigen AFP, which is produced by over 50 % of HCC tumors, as a target for cancer vaccines. More recently, we have investigated the multiple immunosuppressive mechanisms of AFP. AFP secretion by tumors is correlated with poorer patient outcomes [28] , increased tumor growth, and tumor stem cell-like properties [29, 30] , indicating it is more than a "passenger" protein in tumors.
Alpha-fetoprotein
An oncofetal protein synthesized in the yolk sac and fetal liver, AFP is the most abundant serum protein in the fetus [31] . AFP is transcriptionally repressed shortly after birth, and normal adult levels range between 1 and 40 ng/ml. Elevated AFP levels in the circulation of adults are associated with liver regeneration, hepatitis, chronic liver diseases, and malignant growth [29] . Various glycoforms of AFP have been identified in the serum of HCC patients [32] . The fucosylated variant AFP-L3 is the major glycoform found in individuals with HCC and is associated with poor prognosis. While cord blood-derived normal AFP (nAFP) contains <5 % of the fucosylated variant, >80 % of the Several functions of AFP have been described. With its structural similarity to albumin, it has been hypothesized to play a role in the transport of serum components, including fatty acids, steroids, and heavy metals [29] . Early studies revealed an inhibitory effect of cord blood-derived nAFP on lymphocyte function, whereas more recent reports suggest that AFP exerts its immunosuppressive activity through the induction of DC dysfunction [33] [34] [35] [36] . However, there is little consensus about which cell subsets and/ or signaling pathways are the primary targets of AFP-mediated immunosuppression.
AFP-specific immune responses
To investigate AFP as a target for immunotherapy, we initially identified several MHC class I-restricted epitopes and found that the epitope hierarchy of the CD8 + T cell response is altered in AFP+ HCC patients [37] . Our group observed that CD8 + T cells from HLA-A*0201 + healthy donors can recognize four dominant and 10 subdominant peptides in vitro [38] . Two clinical trials were performed to test the four immunodominant AFP peptides in (1) Montanide adjuvant and (2) on autologous DC [16, 39, 40] . Although no objective clinical responses were observed in the small numbers of vaccinated patients, AFP-specific T cell responses were either activated or enhanced in the majority of patients, providing proof of principle for the immunogenicity of AFP-targeted immunotherapeutic approaches. To learn more about AFP processing and presentation and to identify AFP uptake and intracellular processing pathways in DC, we recently showed that DC take up in both nAFP and tAFP very efficiently and that the protein accumulates in the perinuclear space. Loading DC with different forms of genetic and protein AFP forms results in alterations in subsequent CD8
+ and CD4 + T cell responses [41] .
Lessons learned from targeting AFP
In HCC patients exhibiting high levels of serum tAFP, we have observed a lower ratio of myeloid-to-plasmacytoid circulating DC compared to patients with low serum AFP levels and healthy donors [42] . To test the possible effect of nAFP or tAFP on DC differentiation, peripheral blood monocytes were cultured in vitro in the presence of nAFP or HCC-derived tAFP, and DC phenotype and function was assessed [42] . Although the nAFP and tAFP isoforms only differ at one glycosylation site, low levels of tAFP significantly inhibited DC differentiation while nAFP had a more modest impact. tAFP-exposed DC expressed lower levels of DC maturation markers, retained a monocyte-like morphology, exhibited limited production of inflammatory mediators, and failed to induce robust T cell proliferative responses. Mechanistic studies revealed that the suppressive activity of tAFP is dependent on the presence of low molecular weight (LMW) species that co-purify with tAFP. The suppressive activity was not associated with a co-purifying (or contaminating) protein, as shown by protein mass spectroscopy. Enzymatic elimination of fucose groups as well as of all sugar groups attached to tAFP did not eliminate the suppressive activity [42] . These data reveal the unique ability of tAFP to serve as a chaperone protein for a nonprotein/non-glycan LMW molecule which functions cooperatively with AFP protein to impair DC differentiation and function. Because AFP is known to bind to bilirubin, neopterin, and prostaglandin E2 (PGE 2 ), we tested and eliminated those molecules as well. AFP is also well known to bind to a variety of lipid molecules which we have begun to investigate.
To further elucidate the molecular mechanisms of nAFP and tAFP-mediated immune suppression by monocytic DC that are exposed to these two forms of protein, we performed a full transcriptome analysis of monocytes from healthy donors exposed to nAFP, tAFP or a control protein from the albuminoid family. These studies are identifying several areas where AFP affects myeloid DC function.
AFP and NK cells
NK cells are effector cells of innate immunity that rapidly recognize and eliminate microbial pathogens and transformed cells, secrete immunomodulating cytokines, and regulate adaptive immune functions [43] . They represent 5-20 % of PBMC, but 25-50 % of resident liver leukocytes [44] . Compared with circulatory NK cells, hepatic NK cells have enhanced cytotoxic properties [44] . Due to their abundance and killing properties, hepatic NK cells play a critical role in the host's defense against pathogens, tumor transformation, and in liver regeneration [44, 45] .
NK function is reduced in HCC patients compared to healthy donors [46] . HCC patient NK cells have been shown to have impaired ability to kill tumor targets and secrete cytokines [47] . Additionally, overall frequencies of peripheral blood and liver NK cells are reduced [48] , and low infiltration of NK cells into tumors is associated with poor prognosis in HCC patients. NK cells have been found to have impaired INF-γ production which has been associated with increased regulatory T cells (Treg) and myeloidderived suppressor cells (MDSC) [49] .
AFP was previously shown to indirectly impair NK cell activation by inhibiting IL-12 production by DC and was shown to inhibit NK cell activity by enhancing both the number and activity of suppressor cells. In contrast, the mechanism of how AFP might directly impact NK cell 1 3 function has not been addressed. Limited literature suggests that AFP desensitizes NK cells to IFN-α, poly I:C or IL-2-mediated activation [33, 50] . Defining the impact of circulating tAFP on NK cells may be of central importance to understand the NK cell functional deficits described in HCC patients, and for the development of more effective HCC-targeting immunotherapies.
Recently, we compared the ability of nAFP to that of tAFP to modulate human NK cell activity and longevity in vitro. Short-term exposure to tAFP and especially nAFP proteins induces a pro-inflammatory, activated phenotype in healthy donor NK cells as indicated by CD69 and CD25 upregulation, IL-1β, IL-6, and TNF secretion, and enhanced tumor cell killing. In contrast, extended coculture with tAFP, but not nAFP, inhibits NK cell proliferation and viability. NK cell activation is directly mediated by the AFP protein itself, while NK cell viability is affected by the low molecular mass cargo that co-purified with tAFP. Overall, these data show that nAFP and tAFP induce critical changes in NK cell function and viability, respectively.
Conclusions
In our series of clinical trials testing vaccines targeting non-mutated, overexpressed tumor antigens, we have found that activating and expanding CD8 + and CD4 + T cells specific to these antigens can be accomplished. There have been limited correlations between self-antigen T cell frequencies and clinical outcomes observed; hence, the immunologic mechanisms of tumor eradication are incompletely understood. In vivo cross-presentation of tumorspecific antigens may be critical to broaden the immune response, but how to promote this in vivo is not yet known. The many mechanisms of immune suppression and dysregulation by tumors are also incompletely understood. Uncovering the multiple ways in which tumor-secreted factors, including the oncofetal antigen AFP, can impair immunity will help direct future efforts at combating HCC and other tumors.
